Due to the ecological importance of estuaries, it is necessary to understand the biological effects that potentially toxic contaminants induce in bioindicator species. A key aspect is whether effects at lower levels of biological organisation transfer through the system to higher levels. In understanding such processes, characterising multivariate relationships between contaminants, sediment toxicities and detoxification processes are important. Worms (Hediste diversicolor) and sediments were collected along the Humber Estuary, England, and inorganic and organic contaminants were quantified. Sediment toxicities and glutathione S-transferases (GSTs) activity in the ragworm were analysed. Concentrations of metals were highest near urban and industrial areas, whereas organic contaminants appeared at upstream locations. GST activity correlated with heavy metals. The genotoxicity, estrogenicity, dioxin and dioxin-like activity were higher at upstream locations. Estrogenicity correlated with alkylphenols and some organochlorines, whilst genotoxicity correlated with organochlorines and heavy metals. Despite this, higher level biological responses could not be predicted, indicating that homeostasis is operating.
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Introduction
Estuaries are highly productive ecosystems, important nursery and recruitment areas for many species and support dense populations of invertebrates, which act as key prey species for higher animals (McLusky and Elliott, 2004; Dauvin, 2008) . As they are characterised by fine grained and organic rich sediments, they act as sink for contaminants and they are therefore priority areas for identifying potential bioindicator species and biomarkers of pollution (Ducrotoy, 2010) .
Direct and diffuse (agricultural and urban run-off, riverine inputs) inputs to catchments have long degraded estuarine ecosystems worldwide. Many key contaminants such as metals, organochlorines and endocrine disrupting chemicals are well-characterised and increasingly regulated and monitored, thus the occurrence of lethal toxic effects and a number of higher level sub-lethal effects, such as severe impacts on reproductive success, are now rare. However, much less is known about combined effects of mixtures of contaminants at the biochemical and molecular level in relation to chronic, lower level exposure, and the link between these effects and those at higher ecological levels (i.e. populations, communities and ecosystems).
Previously it has been assumed that an impact on the lower levels of biological organisation (the cell and individual) would, if the stressor had not been removed or reduced, been transferred through to higher ecological levels (Lawrence and Hemingway, 2003) . However, it is now hypothesised that because of the system complexity, changes at lower levels may get absorbed through the system or the organisms could accommodate the changes such that there are no concomitant changes at higher levels -a feature described at environmental homeostasis (Elliott and Quintino, 2007) . It was suggested by Elliott and Quintino that estuaries are environmentally variable and their organisms adapted to that variability such that M A N U S C R I P T
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4 stress is more difficult to detect in whole estuarine systems. Hence there is a need to disentangle these factors when assessing environmental impacts.
Several metals and metalloids are known to produce oxidative stress with biological effects such as lipid peroxidation and genotoxicity (Bocchetti et al., 2004, Sun and Zhou, 2008) . Metals, and other persistent contaminants, often bio-accumulate and may bio-magnify through the food chain with the potential to affect human health (McLusky and Elliott, 2004, Luoma and Rainbow, 2008) . Stable synthetic organic compounds are considered persistent, bioaccumulative and toxic contaminants (PBT).
Among them, xeno-estrogens, nonylphenols (NP), octylphenol (OP) and bisphenol A (BPA) and organochlorines (PCBs and some pesticides) may also act as endocrine disruptors (EDCs) at concentrations found in estuarine systems (Lutz and Kloas, 1999) . They are also oxidative stressors and genotoxic to many organisms (Nice et al., 2003) .
Species respond specifically to these challenges with different mechanisms of detoxification that can in turn be used as biomarkers. Detoxification enzymes are used widely to detect pollution in aquatic environments, and include the glutathione-stransferases (GSTs) which comprising a superfamily of multifunctional proteins with fundamental roles in the detoxification of a wide range of compounds (Frova, 2006 , Davies, 1985 , Bainy et al., 2000 . Additionally, peroxidase and isomerase activities have been described for GST enzymes, enabling their use as biomarkers for oxidative stress (Sheehan et al., 2001) . GST has been employed in biomonitoring and impact assessments of heavy metals, organic contaminants including EDCs (Pérez-López, et al., 2002 , Martín-Díaz et al. 2008 , Moreira et al., 2006 , Berglund et al., 2007 , Solé et al., 2009 . In polychaetes, the use of GST as a biomarker of oxidative stress has been demonstrated in Hediste (Nereis) diversicolor in Portuguese (Moreira et al., 2006) and M A N U S C R I P T
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French estuaries (Durou et al., 2007) , and in the exposure of Alitta (Nereis) succinea to copper (Rhee et al., 2007) and to the xeno-estrogen nonylphenol (Ayoola et al., 2010) . The ragworm H. diversicolor was used as a sentinel species in the present study given its success as an estuarine species as shown by large and widespread populations in European estuaries and its previously reported use as a biomarker (Pocklington and Wells, 1992 , Poirier et al., 2006 , Sun and Zhou, 2008 . As they have a variable feeding mode covering both deposits and suspensions, they are exposed to and can bio-concentrate and bio-accumulate persistent contaminants (Gray and Elliott, 2009 ).
Inorganic and organic contaminants in sedimentary sinks reflect inputs to the aquatic environment. However, the partitioning in surface waters shows that the concentration of metals and the hydrophobic organic compounds in particulate material exceed the water soluble concentration by orders of magnitude (Luoma and Rainbow, 2008) . Sediments from both the catchment and the sea accumulate at the mouth of rivers and in estuaries, which become sinks for such toxic chemicals. Fine sediments accumulate and create organic films, which also attract and accumulate contaminants (Gray and Elliott, 2009) , thus estuarine organisms are assumed to be excellent sentinels for pollution detection, in particular those that live at the sedimentwater interface such as the infaunal H. diversicolor.
Given the complex nature of these relationships, employing multivariate approaches is essential to link the concentration and composition of contaminants to their individual and synergistic toxicities, detoxification and tolerance in specific environments such as estuaries. This work tests the hypothesis that only an integrative approach can be used to analyse the relationships between the concentration of contaminants, toxicities such as genotoxicity, cytotoxicity, estrogenicity and dioxin-M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 like activity in the sediments, and GST activity as a general biomarker of stress; furthermore this approach is required to understand more fully toxic effects and biological responses in complex natural environments. These aspects were analysed in samples obtained from the north shore of the Humber Estuary system in Eastern England.
Materials and Methods
Humber as a case study area
The Humber Estuary, Eastern England (UK) is one of the largest basins in the British Isles with a key role in bird conservation (Archer, 2000) . It has historically received industrial and urban waste from a large catchment area (Jaffe and Walters, 1977, Oguchi et al., 2000) and its sediments have a relatively uniform grain size and chemical composition, including some metals (Grant and Middleton, 1993) . .
Sample collection
Sediment samples and worms were collected from 12 sampling points covering 4 different zones along the north bank of the Humber Estuary (Figure 1 ): Kilnsea (1, 2 and 3) located downstream close to the mouth of the estuary; Paull (4, 5 and 6) and Hessle (7, 8 and 9) close to urban and industrial zones and Blacktoft (10, 11 and 12) at the confluence of River Ouse with the Humber. The 3 sampling points at each site may be regarded as field replicates.
Samples were taken during the low tide in the upper intertidal zone during May 2007. The upper 5 cm layer of brownish oxidised sediment and ragworms were transported in a cool box at 8 ºC to the University of Hull. Sediments were dried and stored at -20 ºC. Worms (H. diversicolor) were dried with absorbent paper, weighed, M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 7 fast frozen in liquid nitrogen and stored at -80 ºC until analysis. Sediment organic content was measured as percentage loss on ignition (dry sediment kept at 550 ºC for 3 hours). Salinity was obtained from measuring sodium (Na) concentration by optical emission spectroscopy (Optima 5300DV, Perkin Elmer) in dry sediment. Sediment moisture was calculated and concentration of Na per interstitial water volume was estimated.
Trace elements analysis
The sediment samples were dried at 60 °C for 72 hours before being ground and sieved (100 µm mesh size) and 1 g of each sample was taken for extraction in 55 ml PFA Teflon digestion vessels with 10 ml nitric acid in a microwave digestion system (MARS Xpress), heated at 200 °C for 15 min. The digests were then analysed using an optical emission spectrometer-mass spectrometer (OES-MS). The concentrations of the elements in the digests were calculated in the original dry solid in µg g -1 of sediment.
Organic contaminants
The organochlorines (PCBs and pesticides) and the xeno-estrogens, nonylphenol, octylphenol and bisphenol A (BPA) were extracted from the sediments using Sohxlet apparatus and analysed by gas chromatography electron capture detector (GC-ECD) and GC-mass spectrometry (GC-MS). Organochlorine standards (Mix 71) and individual PCBs standards were purchased from Dr. Ehrenstofer
Laboratories, Germany and Accute Standards, USA. Nonylphenol (technical mixture isomers), octylphenol 99 %, Bisphenol A 99+ %, the internal standard 4-(3,6- The determination of PCBs and organochlorines was according to Munshi et al. (2004) . Sediment samples (25 g) were extracted with acetone:hexane (1:1 v/v, 250 ml) during 8 hours. Extracts were analyzed using a GC (Perkin Elmer Clarus 500)
equipped with an ECD, using a DB-5 column (30 m x 250 µm x 0.25 µm). The detection limit (LD) for pesticides and PCBs was 5 ng g -1 dry weight.
Determination of xeno-estrogens was according to Ayoola et al. (2010) adapted for sediments. Five grams of sediment was spiked with 100 µl of internal standard ([13C6]-363 NP) and extracted with 90 ml hexane:isopropanol (85:15, v:v) during 6 hours at 60 ºC. Samples were evaporated, re-dissolved in 200 µl of acetone and derivatised with 25 µl of MSTFA at room temperature. A sample volume of 1 µl was injected into the GC-MS for analysis using an Agilent 6890N gas chromatograph directly connected to an Agilent 5973 inert mass selective detector in a selective ion mode (SIM). In most cases, the recoveries of detected organic pollutants ranged between 80 and 98 %. The DL were 3.1 and 2.2 ng g -1 dry weight fro OP and NP respectively.
Genotoxicity and cytotoxicity assay -GreenScreen GC TM
Genotoxicity was assessed using the GreenScreen GC TM assay from Gentronix Simultaneously cytotoxicity was assessed by the reduction in cell proliferation during incubation compared to a vehicle-treated control. Cell density was quantified by optical absorbance. Methyl methanesulfonate (MMS, Sigma Aldrich) was used as a genotoxic standard, methanol was used as a cytotoxic standard and 2 % (aq.) DMSO (for molecular biology, Sigma Aldrich) was used as the diluent for all samples and standards. The protocol has been previously reported (Cahill et al., 2004 prior to use. The protein extracts were used to quantify the GST activity and normalised with the total protein concentration calculated using the Bradford method with bovine serum albumin as a standard.
The activity of GST was determined according to the method developed by Habig et al. (1974) , adapted to a microplate reader. In brief, this involves measuring the increment in absorbance generated by the conjugation of 1-chloro-2,4-dinitrobenzene with reduced glutathione in the presence of GSTs at 340 nm using a microplate reader. Dulbecco phosphate buffer saline, 2 mM reduced glutathione and 1 mM 1-chloro-2, 4-dinitrobenzene were added to the aliquots and the enzyme activity was recorded by following the rate of change in optical absorbance (min -1 ) at 340 nm
for 5 min. GST from equine liver (Sigma-Aldrich, #G6511) was employed as a positive control. The results were calculated in nmol min -1 mg -1 of protein.
Statistical analysis
The variables were regarded as environmental (independent) factors (locality, salinity and organic matter), inorganic contaminants (metals and metalloids), organochlorines (principally pesticides), xeno-estrogens (OC, NP and BPA) and the potential dependent (biological response) variables (GST activity in H. diversicolor, dioxin and dioxin-like activity, estrogenicity, genotoxicity and cytotoxicity). Initially the intra-and inter-group correlations (using two-tailed Pearson test) were obtained between the independent variable groups using the following factors: distance downstream, salinity and organic matter content (after testing for normality). The linear and non-linear relationships were explored to determine which of the variables were correlated with, and thus be responsible for, the sediment chemistry/contaminants/biological response data. Principal component analysis (PCA) was performed to identify relationships between GST activity, sediment toxicity, organic matter content and salinity, related to each specific group of contaminants according to chemical similarity. After obtaining a main factor representing the contaminants with major effects in the total variance, the factor coordinates of cases, based on covariance, were also correlated with biological effects. In general, a linear model was used by default and quadratic relationships were used when these models explained more than 20 % of the variance in comparison to the linear models. Exploratory correlation analyses and multivariate analysis (PCA) were performed using SPSSv17 and PRIMERv6 (Clarke and Gorley, 2006) . Given that all the variables have had different units, these were standardised M A N U S C R I P T
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12 and normalised using the Brodgar formula, according to Zurr et al., (2007) before plotting the PCA. GST activity in H. diversicolor from different locations in the Humber Estuary was compared by one-way analysis of variance (ANOVA) followed by Tukeys test post-hoc comparisons after prior normalisation using logtransformation (significant level p < 0.05).
Results
The organic content in the sediments ranged between 6.31 (location 9) and 10.79 Table S1 . The 14 PCB congeners analysed were below the detection limit (< DL) so were not significantly higher than the blanks. In addition, several organochlorine compounds were below the limit of detection (Quintozene; Heptachlor exo-epoxide; Heptachlor endo-epoxide; alpha-Endosulfan and beta-Endosulfan).
Element traces in sediments
The relative abundance of the elements analysed was:
Al>Zn>Pb>Cr>Cu>Ni>>Co>As>Cd. The relative distributions of almost all elements were positively correlated thus showing similar distributions and accumulation in the sediments (Fig. S1 ).
Several elements showed their highest values in mid-estuary locations (corresponding to Paull and Hessle) and thus the quadratic model provides a good fit to their data. Hence the elements show a quadratic pattern in relation to the locations, M A N U S C R I P T
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Organic contaminants
Almost all organochlorines analysed were found being positively correlated, indicating a similar distribution and accumulation process (Fig. S2 ). Endrin and Aldrin showed the highest concentrations being found in upstream locations at 201 ± 9.5 and 127 ± 4.5 ng g -1 respectively. In relation to environmental parameters, organochlorine distributions differed, some in relation to distance and therefore salinity, whilst other pesticides correlated well with the organic matter content ( As with some organochlorines, xeno-estrogens were more abundant in the sediments at the upstream locations. Concentrations of alkylphenols (NP and OP) were also higher at the upstream points and were therefore negatively correlated with salinity and interesting, with organic matter content (Fig. 4) . NP was detected at a maximum concentration of 1.29 µg g -1 while OP at the same location was at 0.38 µg g -1 . BPA was detected at lower concentrations (highest value was 0.038 µg g -1 ) and close or below the limit of detection in the other sampling locations (Table S1 ).
The potential toxic elements and the organic contaminants were in general negatively associated with each other or no relationship was observed (Fig. S3 ).
Glutathioine-S-transferase (GST) activity in
The GST activity in worms differed with locations with those at Paull Moreover, the GST activity showed a positive correlation with As and Cu (Fig. 6 ).
Sediment toxicity
In general, sediment toxicity was higher at upstream locations, except for cytotoxicity which was highest in sediments in downstream areas (Fig. 5 ).
Genotoxicity clearly increased towards upstream locations with no genotoxicity being detected in the most downstream points (Fig. 5) . Upper-Middle locations 7 to 9 (Hessle) showed the highest response and the LEC was 1.3 mg of sediment per ml of culture, and also higher in the upstream locations 10 to 12 (Blacktoft), the LEC value was 2.5 mg ml -1 . However, the stations 4 to 6 (Paull) close to industrial sources showed the lowest genotoxicity (LEC = 5.0 mg ml -1 ). Cytotoxicity was highest in samples from station 3 (Kilnsea) and, in contrast to the genotoxicity results, in downstream sediments (LEC = 1.3 mg ml -1 in both cases). Low cytotoxicity was detected in the upstream location (LEC = 2.5 mg ml -1 ) and Paull (LEC = 5 mg ml -1 ), indicating higher cytotoxicity in the outer estuary, although the absolute values indicate that the cytotoxicity is relatively low throughout the Humber without any correlation with environmental variables (Fig. 5 ).
The estrogenicity of sediments also varied among the locations. respectively. None of the biological responses were associated with the organic matter content (Fig. 5) .
Relationship between contaminants, sediment toxicities and detoxification in
H. diversicolor
Given the spatial complexity in the contamination and biological response variables described above, it is necessary to interrogate the interrelationships. There were no other relationships between toxicities and metals/metalloids other than a positive correlation of As and Cu with the GST activity. It is of note that none of the organic contaminants analysed in this study showed significant correlations with the GST activity in ragworms (Fig. 6 ). The PCA plot suggests that Alpha-HCH and the expected heavy metals appeared associated with GST activity (Fig. 7) . The organochlorines (i.e. aldrin, dieldrin and the factor coordinates of cases of the main factor obtained on the PCA of total organochlorines) correlate with genotoxicity (Fig
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16 6 and 7). In relation to estrogenicity, aldrin, dieldrin, endrin, alkylphenols (NP and OP) and the factor coordinates of cases of the main factor obtained on the PCA of total organochlorines and xeno-estrogens correlated well (Fig. 6 ) and are very consistent with the multivariate analysis (Fig. 7) .
Analysing the combined effect of all the contaminants together with the GST activity (PCA) and sediment toxicity, the main component was found to be determined by two clear groups: trace metals and the organic contaminants, with some exceptions such as HCB and Apha-HCH which are involved in explaining the second component (Fig. 7) . The biological responses found in worms and sediments suggest potential synergism or additive response of some contaminants explained with the main component such as genotoxicity, DR-Calux and ER-Calux (Fig 7) . These results suggest a possible interaction between the different chemicals and thus specific biological responses depending on the prevailing contaminant regime. Furthermore, the distribution for some chemicals were not related to any environmental parameters measured in this work, indicating the general uniformity of the physico-chemical characteristics of the macrotidal Humber estuary.
Discussion
In this study, most of the inorganic contaminants in sediment samples were in general at low concentrations and the sum of all elements analysed was similar to those found in clean British estuaries and lower compared with historically polluted ones (Bryan et al., 1985) . The low level of PCBs and the distribution confirmed previous work on PCBs in the Humber estuary (Tyler and Millward, 1996) .
Organochlorine pesticides were all at trace levels and low amounts of xeno-estrogens were detected (Table S1) .
However, significantly higher GST activities in H. diversicolor were found at stations 4 to 6 corresponding to Paull area, indicating the bioavailability of xenobiotics and a potential toxicity on ragworms. Our results (Fig. 6 and 7) suggest that metals such as Cu could be directly related to this biological response.
The highest percentages of organic matter in the intertidal mudflat corresponded to mid-and down estuary locations, especially those at Kilnsea at Spurn (near the mouth of the estuary) and Hessle where there is a creek (Haven) coming from an urbanised area. The mudflats are wider here reflecting a less energetic water flux on the upper shore compared to the steeper, narrower mudflats in the upper estuary.
Several elements correlated with the organic matter content of the sediments, although (Fig. 2) . In particular, dissolved Cu and Cd have high affinity for sewage-derived particulate matter (Comber et al., 1995) and are expected to increase its concentration in organic-rich sediments.
The upper limit for copper was 62.6 µg g -1 , corresponding to a moderately-high contaminated range (50-200 µg g -1 ) according to Luoma and Rainbow (2008) .
Concentrations of Cd, which is a toxic and genotoxic element, were elevated (up to 9.35 µg g -1 ) when compared with other British estuaries (Luoma and Rainbow, 2008 after Bryan et al., 1985) . Due to its increasing use, it is not unexpected to find elevated concentrations of Cd in estuarine sediments. The concentrations observed here are higher than those measured in British estuaries 20 years ago (see Luoma & Rainbow, 2008) and specifically for the Humber, the uniform distribution of metals described previously for intertidal sediments (Grant and Middleton, 1993) the area or a differential accumulation along the estuary's north bank (Fig. 2) .
Concentrations of Zn appeared significantly higher in mid-estuary locations and could reflect discharges from both current and past industrial activity, which is the main source of Zn in estuarine sediments (Joslin, 2000, Luoma and Rainbow, 2008) . Zn is used worldwide for its corrosion-resistance properties on ferrous metals implicating its anthropogenic distributions (Gordon et al., 2003) . However the absolute concentration values do not represent a contaminated system as occurred in other historical polluted estuaries (Luoma and Rainbow, 2008) . Two potential toxic elements (As and Cu) appeared related to GST activity in ragworms (Fig. 6) suggesting be stressors that can increase the GST activity in polychaetes.
The bioavailability and therefore the toxicity of metals decreases with an increasing salinity and an increase in oxic properties of the sediments (McLusky et al., 1986 , Du Laing et al., 2008 so toxic effects of metal traces are more likely in upstream sediments compared to the marine-influenced zone. Since the distribution of most of the elements analysed occurred in middle locations of the Humber, no correlation were observed with salinity (Fig. 2) .
Humber sediments are dominated by silicate clay minerals that readily adsorb part of the organic fraction including many contaminants (Jarvie et al., 1997) . Organic contaminants such as organochlorines, have a greater ability to adsorb to the organic M A N U S C R I P T
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19 fraction than to the clays, therefore we expected to find higher concentration of the congeners which contain more Cl -ions, since they are more hydrophobic. Many pesticides are organochlorine compounds which are PBT chemicals. Endrin and Aldrin, both now banned substances, were the most abundant organochlorines found in upstream locations suggesting an input coming from past agricultural activity in the catchment (Table S1 , Fig. 3 ).
Xeno-estrogens appeared at moderate levels in comparison to other estuarine sediment analysed (Bennett and Metcalfe, 1998Kawahata et al., 2004) . As expected, the strongest estrogenic compounds OP and NP, correlated well with the estrogenicity of the sediments ( , 1998, White and Rasmussen, 1998) . In addition, dredging should also be considered as sediments which are re-located within the estuary may contain historic contamination which is re-liberated and re-distributed around the system (Gray and Elliott, 2009 ).
Dioxin activity is present in the Humber sediments at very low level. Even though, there is a clear gradient of response -suggesting that this assay could also respond to furans or dioxins, which were not measured in this work. Estrogenicity was positively associated with the concentrations of NP and OP but not with BPA which is a weak estrogenic chemical ( Fig. 6 and 7) . Also, estrogen responses appear associated with pesticides such as aldrin, eldrin and dieldrin (Fig. 6 ), which may have some effects in activation of the estrogen receptor transcription factor.
The Humber estuary has been shown to be moderately polluted with Cu and As which levels have been reported to induce certain tolerance in H. diversicolor (Nedwell, 1997 , Jones et al., 2000 . Accordingly, the GST activity was highest in M A N U S C R I P T As in the mid-estuary locations, but also a pool of metal and Alpha HCH contaminants could explain an additive effect in the deteoxification response of the worms by GST (Fig. 7) .
In particular, the cytotoxicity of sediments is the most intriguing characteristic even though and it is not clearly related to any of the individual contaminants give false positive results, that the responses are not sufficiently strong or that the complex system has the ability to absorb the change, i.e. environmental homeostasis (Elliott and Quintino, 2007) . The latter suggests the ecosystem has the ability to absorb changes such that changes at the genetic or cellular levels do not follow through the system and do not lead to higher level changes at the individual, population or community levels. If the system can be subject to a stressor but there is no resulting effect at higher biological levels then the system has absorbed the stress ergo environmental homeostasis (Elliott and Quintino, 2007) .
Consequently, we can indicate the sequence of changes at the lower levels of biological organisation based on the results here to show the relationship between contaminants and toxicities from our results and the potential outcome. Despite this, it
is not yet possible to show the consequences of these at the higher levels of biological 
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